Background and Aims The aim was to assess the amounts of macro-(N, P, K, Ca and Mg) and microelements (Fe, Mn, Cu and Zn) lost by peach trees (Prunus persica L. Batsch) in all the nutrient removal events (pruning, flower abscission, fruit thinning, fruit harvest and leaf fall), as well as those stored in the permanent structures of the tree (roots, trunk and main branches). Methods Three peach cultivars were used. The biomass and nutrient composition of materials lost by trees at the different events were measured during 3 years. The biomass and nutrient composition of permanent tree structures were also measured after full tree excavation. Results Winter pruning and leaf fall were the events where most nutrients were removed. Nutrient losses and total requirements are given as amounts of nutrients needed per tree and also as amounts necessary to produce a t of fresh fruit. Conclusions The allocation of all nutrients analyzed in the different plant parts was similar in different types of peach trees, with each element having a typical "fingerprint" allocation pattern. Peach tree materials removed at tree pruning and leaf fall include substantial amounts of nutrients that could be recycled to improve soil fertility and tree nutrition. Poorly known tree materials such as flowers and fruit stones contain measurable amounts of nutrients.
Introduction
The world population has increased from less than 2 billion people in 1900 to 5.7 billion in 1995, and it is expected to reach 8.5 billion in 2025 (Byrnes and Bumb 1998) . This unprecedented growth in population will create tremendous pressures on the natural resources to produce enough food to meet human needs (Byrnes and Bumb 1998; Grusak et al. 1999; Cakmak 2002) . In order to meet the food demands of the rising population, farmers must manage soil fertility and crop nutrition with an adequate and balanced fertilizer supply. This will not be achieved until "nutrient cycles" are better understood (Gruhn et al. 2000; Tagliavini and Scandellari 2012) . The nutrient cycle is defined as the continuous recycling of nutrients into and out of the soil (NRC 1993) , and it involves complex biological and chemical interactions, some of which are not yet fully understood. A simplified version of this type of cycle has been proposed by Stoorvogel et al. (1993) . The cycle includes "inputs" that add plant nutrients to the soil such as mineral fertilizers, organic manures, atmospheric deposition, biological nitrogen fixation and sedimentation, and "outputs" that include harvested crop parts and crop residues, as well as nutrients lost by leaching, gaseous losses and water erosion. The difference between inputs and outputs constitutes the nutrient balance. Positive nutrient balances in the soils (e.g., in the case of over-application of fertilizers; Conway and Barbie 1988; Bumb and Baanante 1996) would make farming systems inefficient and, in the long term, would lead to environmental pollution. Negative balances (in case of under-application of fertilizers) would lead to soil nutrient depletion and in the long term to unsustainable farming systems. In the latter case, nutrient supply should be increased in order to sustain agriculture in the long term, to improve crop productivity and to maintain soil fertility (Gruhn et al. 2000) . The nutrient amounts applied should meet, but should not exceed in large excess, the demand of the crop (Mengel 1982) .
In the case of fruit trees, the nutrient demand is fulfilled at the beginning of the season by the remobilization of nutrients already stored in the perennial parts of the trees during the previous season (Muñoz et al. 1993; Millard 1995; Tagliavini et al. 1998; Quartieri et al. 2002; Tagliavini and Marangoni 2002) . This nutrient remobilization is well studied and quantified in the case of N, and seems to be unaffected by N supply in the spring (Millard 1995) . For the rest of the season, nutrient needs depend on soil supply, although remobilization processes within the trees also occur. Although the important functions fulfilled by macro-and micro-elements are well known (Clarkson and Hanson 1980; Mengel and Kirby 1982; Neilsen and Neilsen 2003) , the specific elemental requirements for optimum growth, fruit yield and quality need to be determined for each fruit species and cultivar. This is especially important when using high planting densities (Krige and Stassen 2008; Kangueehi et al. 2011) .
A relatively simple approach to assess tree nutrient requirements is based on whole tree mineral analysis. Several studies have used this approach in apple (Batjer et al. 1952; Haynes and Goh 1980; Cheng and Raba 2009; Scandellari et al. 2010; Kangueehi et al. 2011) , peach (Stassen 1987; Krige and Stassen 2008) , avocado (Stassen et al. 1997c) , walnut (Weinbaum and Van Kessel 1998) , orange (Roccuzzo et al. 2012 ) and mango trees (Stassen et al. 1997a (Stassen et al. , b, 1999 , as well as in grapevine (Conradie 1981; Porro et al. 2009 ) and kiwifruit (Boyd et al. 2010 ). This approach usually takes into account mineral nutrient losses due to removal of fruits and pruned wood from the orchard, as well as also those associated to leaf fall. The method also considers the nutrient contents of permanent parts of the tree, including old wood and roots obtained after whole tree excavation (Weinbaum et al. 2001) , taking into account the tree age (Stassen 1987 ). Most of the previous studies were mainly focused on macro-elements, although some studies also assessed micro-elements (Krige and Stassen 2008 and Kangueehi et al. 2011) . Indeed, both macroand micro-element deficiencies can have also major effects in fruit yield and quality. For instance, whereas a N deficiency lead to smaller fruits, shorter shoots and lower yields than those found in well-nourished trees (Johnson 2008 ), similar effects were described to occur in the case of the Fe deficiency (Álvarez-Fernández et al. 2006 Rombolà and Tagliavini 2006) .
In this study, the annual nutrient requirements and distribution of macro-and micro-elements (N, P, K, Ca, Mg, Fe, Cu, Zn and Mn) have been estimated in two peach tree commercial orchards having very different management practices, plantation density and fruit yields. Nutrient outputs from the trees at the different removal events occurring during the season, including winter pruning, flower loss, fruit thinning, summer pruning, fruit harvest and leaf fall, were estimated. Also, an estimation of the amounts of macroand micro-nutrients stored in perennial tree parts (both underground and aboveground) was carried out.
Materials and methods
The study was made during three consecutive seasons (2007-2008, 2008-2009 and 2009-2010) and 'Catherina' are early season cultivars with fruits being harvested in July and August, respectively, whereas 'Calanda' is a late season cultivar with fruits being harvested in October. All trees were 14 year-old. A total of 20, 9 and 11 'Calanda, 'Catherina' and 'Babygold5' trees, respectively, were selected, although data from some trees could not be used because of tree failure or uncontrolled fruit removal at harvest time. Orchards were fertilized with 500 kg ha Formulations containing Cu oxychloride Cu 2 Cl(OH) 3 (CAS Number 1332-65-6), were used as plant disease control chemicals at winter pruning and early-spring (therefore wetting wood and also buds). No Fechelates were used in the orchards in the period of study. Orchards were managed according to commercial practices for pest and weed control and were watered using flood irrigation.
To determine the tree nutrient requirements, samples were taken from the trees at different events along the season. Samples included wood at winter pruning, flowers at full bloom (FB), fruits at thinning, wood at summer pruning, fruits at harvest and leaves at fall. The total number of replicates used for each analysis (n) is indicated in the following paragraphs; approximately one third of the replicates were sampled each one of the three years of the experiment. Also, permanent tree structures (root, trunk and main branches) were sampled in winter by fully excavating two trees per cultivar and year.
Flower sampling
In the case of flowers, the total number was counted on each tree at FB in March (when 50 % or more of the flowers of each shoot were open; Fig. 1a ). Sixty whole flowers per tree (including petals, sepals, reproductive parts, bracts and peduncles) were taken from the central part of the shoots around the tree crown (30 in the upper part and 30 in the lower part of the crown; Belkhodja et al. 1998; Igartua et al. 2000; El-Jendoubi et al. 2012 ). Flowers were dried in an oven at 60°C for mineral analysis. The number of abscised flowers was estimated from the total number of flowers and those resulting in fruits (including fruits removed at thinning, harvested and dropped to the soil). Data shown are means±SD (n=26, 21 and 25 for the 'Calanda', 'Catherina' and 'Babygold5', respectively). In the case of 'Calanda', flower nutrient concentration and contents data for several trees were not included in the analysis, because uncontrolled fruit removal in those trees at harvest time made impossible to estimate the number of abscised flowers.
Fruit sampling
Fruit thinning was carried out manually in May, at phenological state 73 according to Meier (2001) , when fruits had a diameter of approximately 31 mm (Fig. 1b) . The number of fruits and total fresh weight (FW) removed from each tree were recorded. Data shown are means±SD (n=54, 21 and 27 for 'Calanda, 'Catherina' and 'Babygold5', respectively).
At the end of July, beginning of August and October, fruits were harvested in accordance with commercial picking standards for the 'Babygold5', 'Catherina' and 'Calanda', respectively (Fig. 1c) . Fruit number and FW per tree were recorded at harvest, and a subsample of the harvested fruits was ovendried and weighed to calculate the FW to dry weight (DW) ratio. Dried fruit materials (fruit mesocarp and stones) were ground separately and stored for mineral analysis. Also, the number of the fruits dropped naturally to the soil was recorded at harvest time (Fig. 1d) . Data shown are means±SD (n=26, 21 and 25 for 'Calanda, 'Catherina' and 'Babygold5', respectively; values were low in the case of 'Calanda' because of uncontrolled fruit removal at harvest time).
Leaf sampling
Leaf samples were taken at two different times along the season to assess the orchard nutrient status. Thirty to 50 leaves per tree were sampled (fully developed, 4th-6th from the top in the distal third of the current year's growth; Belkhodja et al. 1998 ) at 60 and 120 days after full bloom (DAFB, in May and July; Sanz et al. 1991; El-Jendoubi et al. 2011) . Data shown are means ± SD (n = 54, 21 and 27 for 'Calanda, 'Catherina' and 'Babygold5', respectively).
In September ('Babygold5' and 'Catherina') or October ('Calanda'), four trees from each cultivar were completely covered by a net to recover abscised leaves (Fig. 1g) . When leaf fall was complete ( Fig. 1h ; in October-November) the total FW of fallen leaves was recorded and subsamples of 100 leaves per tree were weighed to estimate the total leaf number per tree. Leaf samples were ground and stored for mineral analysis. Data shown are means±SD (n=12 for each of the cultivars).
Wood sampling
Summer pruning (shoot removal) was made in July (in 'Babygold5' and 'Catherina'), and August ('Calanda'; only in 2008) , to control vegetative growth, improve fruit growth and increase light penetration. Pruned shoots were separated in leaves (including all leaves within the shoot) and 1 year-old wood samples, and a subsample from each part was dried and stored for mineral analysis ( Fig. 1e and f) . Winter pruning was carried out in December-January excising young shoots (red inset in Fig. 1I ), the shoot mass removed per tree was recorded (Fig. 1j) , and a subsample was taken, dried and stored for mineral analysis. Data shown are means ± SD (n = 54, 21 and 27 for 'Calanda, 'Catherina' and 'Babygold5', respectively).
After winter pruning, two trees per cultivar were fully excavated (Fig. 2c) . The aboveground part was separated using a chain saw (Fig. 2a) into remaining shoots (including some bud bearing shoots, see red inset in Fig. 2a) , rest of branches, and the parts of the trunk corresponding to the scion and the rootstock. The underground part was divided into roots and Fig. 1 Nutrient removal events in a peach tree orchard: a Shoot in full bloom stage (end of March); b Tree at fruit thinning time (May); c Harvested fruits (July-October); d Fruits dropped to the soil at harvest time; e One-year old wood from shoots removed at summer pruning; f Leaves from shoots removed at summer pruning; g Net structure covering the tree to recover fallen leaves in autumn; h Fallen leaves accumulated in the net; i Winter pruning (the red inset indicates the shoot material removed); j Wood from shoots removed at winter pruning rootstock part (Fig. 2d) . From each part, a subsample was taken, cut into small parts using a vertical saw (Fig. 2b) and then ground and stored for mineral analysis. Data shown are means±SD (n=5-6).
Mineral analysis
Samples were washed, mineralized and analyzed using standard procedures (Abadía et al. 1985; Igartua et al. 2000) . Nitrogen and P were analyzed by the Dumas method and spectrophotometrically, respectively. Potassium was measured by flame emission spectroscopy, and Ca, Mg, Fe, Mn, Cu and Zn were measured by atomic absorption spectrophotometry (Igartua et al. 2000) . Concentrations were expressed as % DW for macro-nutrients (N, P, K, Mg and Ca) and as mg kg −1 DW for micro-nutrients (Fe, Mn, Cu and Zn).
Statistical analysis
All data shown are means±SD.
Results
Average production in the orchards was 30.2, 8.7 and 8.9 t ha −1 for 'Calanda', 'Catherina' and 'Babygold5', respectively (corresponding to 60.4, 13.0 and 13.3 kg tree −1 respectively).
Nutrient composition of tree materials removed in the different events during the year and in permanent structure materials
The concentrations of macro-and micro-elements in all tree materials, including flowers at full bloom, fruits at thinning and harvest (in the latter case mesocarp and stones), summer pruning (leaves and 1-year old wood), leaf fall and winter pruning (shoots) are shown in Tables 1, 2 and 3 for the cultivars 'Calanda', 'Catherina' and 'Babygold5', respectively. Also, the concentrations of macro-and micro-elements in permanent materials obtained by whole tree excavation and removal in winter, including remaining shoots, rest of branches, trunk (scion and rootstock) and roots are included in Tables 1, 2 and 3 .
Nutrient concentrations in 'Calanda' peach cultivar
This cv. was grown by a commercial grower with moderate tree density and had an average yield in the area. Concerning biomass, fruit harvesting (including fruits and stones) was the event where more biomass was removed (11.1 kg DW tree −1 , from which 25 % was in the stones) ( Table 1) . Large amounts of biomass were also removed at winter pruning, leaf fall and summer pruning (9.2, 6.5 and 3.0 kg DW tree −1 , respectively). Fruit thinning and flower abscission were the events where less biomass was lost (443 and 45 g DW tree −1 , respectively). Results are in % of DW for N, P, Ca, Mg and K and in mg kg −1 DW for Fe, Mn, Cu and Zn. The mineral composition of the 60 and 120 DAFB leaves is also shown as a reference in the lower panel. A total of 20 trees were selected, although data from some trees could not be used because of tree failure or uncontrolled fruit removal. Data shown are means±SE ( n =26, 54, 26, 54, 12, 54, 6 , 54 and 54 for flowers, thinning, fruit harvest, summer pruning, fallen leaves, winter pruning, excavated trees, leaves at 60 and leaves at 120 DAFB, respectively; approximately one third of the samples was obtained each year) Regarding nutrient concentrations, the values found in each material were compared to those found in leaves at 60 and 120 DAFB ( Table 1 ). The leaf nutrient concentrations at 60 and 120 were within the ranges found in previous studies in the same area (Heras et al. 1976; Abadía et al. 1985; Carpena and Casero 1987; Montañés et al. 1990 Montañés et al. , 1993 Sanz et al. 1991; Belkhodja et al. 1998; El-Jendoubi et al. 2012) . Flowers were richer in Fe, Cu and Zn, and had relatively low N, Ca and Mg. Thinned fruits had relatively low N, Ca, Mg and Mn. The mesocarp of the harvested fruits had low concentrations of all elements with the exception of Fe, whereas stones were low in all elements; most mineral concentrations on a DW basis were quite similar in fruit mesocarp and stones, with the exception of P and K, which were higher in the mesocarp, and Ca and Mg, which were higher in the stone. Leaves of summer pruning material had relatively high Ca, Mg and Cu and low N and P, whereas the shoots were low in all elements excepting P and Zn. The composition of summer pruning leaf sample (including all leaves present in the shoot) was different from that of the 120 DAFB leaf sample (including only leaves 4th-6th from top), with higher concentrations of N and P in the 120 DAFB leaf sample when compared to the full leaf population in summer pruning, with the opposite occurring in the case of Ca and Fe. This could be ascribed to differences in leaf age, since it is in line with the lower photosynthetic rates in older leaves present in deeper layers of the canopy, and also with the low mobility of Fe and Ca. Fallen leaves were rich in Ca, Mg and Fe and low in N, P and Zn. Winter pruning material had low concentrations of most elements, with the exception of Ca, Fe and Zn.
Regarding immobilized tissues obtained through tree excavation, roots generally had higher element concentrations than wood, with the exception of Ca and K, which were similar. The concentrations in the rootstock and scion parts of the trunk were similar.
Nutrient concentrations in 'Catherina' and 'Babygold5' peach cultivars These cultivars were grown in conditions where tree density was higher and management was different than in the case of the 'Calanda' cultivar, resulting in a lower fruit yield (Tables 2 and 3 ). Both inadequate management in the previous years and the use of a See legend of Table 1 for details. A total of 11 trees were selected, although data from some trees could not be used because of tree failure or uncontrolled fruit removal. Data shown are means±SE (n=25, 27, 25, 27, 12, 27, 5, 27 and 27 for flowers, thinning, fruit harvest, summer pruning, fallen leaves, winter pruning, excavated trees, leaves at 60 and leaves at 120 DAFB, respectively; approximately one third of the samples was obtained each year)
highly vigorous rootstock (the Fe chlorosis-tolerant GF677) in a relatively higher density plantation may have contributed to the low yields. Winter pruning was (both in 'Catherina'/'Babygold5') the event where more biomass was removed (2.7/2.4 kg DW tree −1 ), with 18/30 % of the total being present in wood older than 2 years. Large amounts of biomass were also removed at leaf fall and fruit harvest (1.8/2.1 and 1.8/1.9 kg DW tree −1 , respectively). Summer pruning, fruit thinning and flower abscission were the events where less biomass was lost (940/643, 172/167 and 31/21 g DW tree −1 , respectively).
Regarding nutrient concentrations, the values found in each material were compared to those found in leaves at 60 and 120 DAFB (Tables 2 and 3 ). The leaf nutrient concentrations at 60 and 120 were within the ranges found in previous studies in the same area (Heras et al. 1976; Abadía et al. 1985; Carpena and Casero 1987; Montañés et al. 1990 Montañés et al. , 1993 Sanz et al. 1991; Belkhodja et al. 1998; El-Jendoubi et al. 2012 ). The nutrient concentrations were quite similar in both cultivars. Flowers were rich in Fe, Cu and Zn, and had relatively low N, Ca and Mg. Thinned fruits had relatively low N, Ca, Mg and Mn. The mesocarp of the harvested fruits had low concentrations of all elements with the exception of K and Fe, whereas stones were low in all elements excepting Fe; mineral concentrations on a DW basis were quite similar in fruit mesocarp and stones, with the exception of P and K, which were higher in the mesocarp, and Ca, which was higher in the stone. Leaves of summer pruning material had relatively high Ca and Fe and low P, Cu and Zn, whereas the rest of the 1-year shoots was low in N, P, K, Mg and Mn. Similarly to what occurred in 'Calanda' the composition of summer pruning leaf sample (including all leaves present in the shoot) was different from that of the 120 DAFB leaf sample (including only leaves in positions 4th-6th from top), with higher concentrations of N and P in the 120 DAFB leaf sample when compared to the full leaf population in summer pruning, with the opposite occurring in the case of Ca and Fe. Fallen leaves were rich in Ca, Fe and Mn and had low N, P, K and Zn. The young shoots in winter pruning had relatively high concentrations of Ca, Fe and Cu and low concentrations of N, P, K, Mg and Mn. In winter pruning materials, older shoots had lower nutrient concentrations than those found in the younger ones.
In the immobilized tissues obtained through tree excavation, roots generally had similar element concentrations than those found in the rootstock part of the trunk and the rest of the permanent tree materials (Tables 2 and 3) .
Amounts of nutrients removed in the different events during the year and in permanent structure materials Nutrient outputs in 'Calanda' peach cultivar When considering the events where the largest amounts of nutrients were removed, in the case of 'Calanda' the largest amounts of N, P and Zn were removed at winter pruning (114, 17 and 0.5 g tree −1 , respectively; Table 4 ). The largest amounts of K, Ca, Mg (152, 302 and 38 g tree −1 , respectively), Fe and Mn (2 and 0.6 g tree −1 , respectively) were lost at leaf fall, and that of Cu (0.2 g tree −1 ) was lost at summer pruning. When considering the most abundant element at each removal event, N was the most abundant one in flowers and fruit thinning materials (1 and 9 g tree −1 , respectively), whereas K was the more abundant in the harvested fruits (132 g tree −1 ), and Ca was the more abundant in summer pruning, leaves at fall and winter pruning materials (66, 302 and 134 g tree −1 respectively; Table 4 ). In the case of micro-elements, the most abundant one was Fe in fruit thinning, harvested fruits, summer pruning, fallen leaves and winter pruning materials (37, 752, 332, 2,011 and 932 mg tree −1 ), whereas Cu was the more abundant in flowers (40 mg tree −1 ). The less abundant macroelement was Mg in flowers, fruit thinning, harvested fruits and winter pruning materials (<1, <1, 9 and 17 g tree −1 ), whereas P was the less abundant in summer pruning and fallen leaves materials (8 and 9 g tree −1 , respectively).
Manganese was the less abundant micro-element analyzed in all tissues (5, 67, 52 and 125 mg tree −1 in fruit thinning, harvested fruits, summer pruning and winter pruning materials, respectively), except in flowers and fallen leaves, where Zn was the less abundant (3 and 159 mg tree −1 ). for N, P, Ca, Mg and K) and micro-elements (in mg tree , respectively (corresponding to 67, 14, 14 and 15 mg kg −1 fruit FW, respectively).
Regarding the potential annual nutrient outputs ([E] in
The results of the tree excavation indicate that branches (remaining shoots and rest of branches) contained the largest part of most elements in the tree in winter (Table 4) . Nitrogen, however, was an exception and the root system contained similar amounts than branches. The amount of nutrients immobilized in permanent structures each year [I] was estimated from the sum of the nutrients stored at that time in the remaining shoots (Tables 4, 5 , and 6), plus the nutrients stored in winter (in the rest of branches, trunks and roots) divided by the tree age. The annual nutrient requirements, including those lost in the different events along the year plus those immobilized in permanent structures [E+I] , were 364, 59, 441, 575 and 78 g tree Nutrient outputs in 'Catherina' and 'Babygold5' peach cultivars
When considering the events where the largest amounts of nutrients were removed, the largest amounts of P and Zn were removed (in 'Catherina'/'Babygold5') at winter pruning (3/3 g tree −1 and 86/82 mg tree ) were lost at leaf fall. Differences between the 'Catherina' and 'Babygold5' include: N, with the largest amount being removed in winter pruning (31 g tree −1
) in 'Catherina' and in fallen leaves (39 g tree −1 ) in 'Babygold5'; Cu, with the largest amount being removed in fallen leaves (0.6 g tree ) in 'Babygold5'. When considering the most abundant element at each removal event, N was the more abundant one in flowers and fruit thinning materials (1/1 and 4/4 g tree −1 respectively, in 'Catherina'/'Babygold5'), whereas K was the more abundant in the harvested fruits (32/29 g tree −1
), and Ca was the more abundant in summer pruning, fallen leaves and winter pruning materials (19/13, 73/80 and 55/45 g tree −1 respectively; Tables 5, and 6). In the case of micro-elements, the most abundant one among those analyzed was Fe in all events (7/5, 12/11, 143/124, 93/61, 573/494 and 298/238 mg tree −1 in flowers, fruit thinning, harvested fruits, summer pruning, fallen leaves and winter pruning materials in 'Catherina'/'Babygold5', respectively). The less abundant macro-element was Mg in flowers and fruit thinning (in all these cases <1 g tree −1
), whereas P was the less abundant in summer pruning, fallen leaves and winter pruning materials (1/1, 2/2 and 3/ 3 g tree −1
, respectively). The only difference was found in fruit harvest, where Ca was the less abundant in 'Catherina' (2 g tree −1
), whereas in 'Babygold5' the less abundant was Mg (2 g tree −1
). Manganese was the less abundant micro-element in all tissues (1/1, 2/2, 16/16 and 48/37 mg tree −1 in flowers, fruit thinning, harvested fruits and winter pruning materials in 'Catherina'/'Babygold5', respectively), except in summer pruning, where the less abundant was Cu (16/8 mg tree
) and fallen leaves, where the less abundant was Zn (30/31 mg tree
−1
). Regarding the potential annual nutrient outputs ([E] in Tables 5 and 6 ), 'Catherina'/'Babygold5' peach trees lost 103/98, 10/9, 104/89, 149/141 and 21/21 g tree − 1 of N, P, K, Ca and Mg, respectively (corresponding to 7.9/7.3, 0.8/0.7, 8.0/6.7, 11.5/10.6 and 1.6/1.5 g kg −1 fruit FW, respectively; Tables 5 and   6 ). Also, nutrient outputs included Fe, Mn, Cu and Zn losses of 1.1/0.9, 0.2/0.2, 0.2/0.2 and 0.2/0.2 g tree −1 , respectively (corresponding to 87/70, 18/16, 14/16 and 13/11 mg kg −1 fruit FW, respectively).
The results of the tree excavation indicate that branches contain the largest part of all elements in the tree in winter (Tables 5 and 6 ). When considering the amount of nutrients potentially lost and those stored in permanent parts ([E+I] , taking into account the age of the trees), the annual nutrient requirements were 113/ 108, 12/10, 110/99, 173/172 and 22/22 g tree −1 for N, P, K, Ca and Mg in 'Catherina'/'Babygold5', respectively (corresponding to 8.8/8.1, 0.9/0.7, 8.5/7.5, 13.3/12.9 and 1.7/1.7 g kg −1 fruit FW, respectively; Tables 5 and   6 ). Also, micro-nutrient requirements were 1.7/1.6, 0. for N, P, Ca, Mg and K) and micro-elements (in mg tree
for Fe, Mn, Cu and Zn) lost in the removal events or fixed in the permanent structure in peach trees in 'Catherina'. See legend of Table 4 Table 6 Amounts of macro-(in g tree
for N, P, Ca, Mg and K) and micro-elements (in mg tree See legend of Table 1 for details and micro-nutrients, respectively (these Figures do not include those nutrients stored in permanent tree structures). Relatively mobile macro-nutrients such as N, P and K were mainly lost (in % of the total, for N/P/K) in leaf fall (25-40/18-26/27-36), fruit harvest (16-21/ 24-33/31-32) and winter pruning (28-33/30-32/19-26) , with summer pruning accounting for a smaller portion (12-18/9-15/10-12) . On the other hand, relatively immobile macro-nutrients such as Ca and Mg were mainly lost (in % of the total, for Ca/Mg) in fallen leaves (49-58/51-64) , with winter and summer pruning accounting for smaller portions (26-37/16-22 and 9-13/11-14, respectively) . Fruit harvest accounted for 8-12 % of the total Mg and only for 1-3 % of the total Ca. Fruit thinning and flower abscission accounted for small but still measurable portions of the total in all macro-elements (1-10 and 1 %, respectively). Regarding micro-elements, relatively immobile ones such as Fe and Mn were mainly lost (in % of the total, for Fe and Mn) in leaf fall (37-53/58-69) and winter pruning (25-33/15-20) , with fruit harvest and summer pruning accounting for smaller portions (13-19/7-8 and 7-9/7-13, respectively) . In the case of the relatively mobile metals Cu and Zn, the largest loss event (in % of the total, for Cu and Zn) was winter pruning (26-64/ 51-54), followed by leaf fall (12-26/18-20) , whereas fruit harvest and summer pruning accounted for smaller portions (10-12/11-14 and 4-29/10-15, respectively) . Fruit thinning and flower abscission accounted for small but still measurable portions of the total in all microelements (1-4 and 1-5 %, respectively). It should be taken into account that Cu is usually added in agrochemicals in the area.
Discussion
This study provides a profile of the macro-and microelement requirements in bearing peach trees. The study covered 3 years of data obtained from three cultivars grown in two different orchards, differing in tree density, management and yield. The weight of all materials lost by the trees during winter pruning, flower abscission, fruit thinning, summer pruning, fruit harvest and leaf fall were recorded, and the weight of permanent tree structures (roots, trunk and branches) were also measured after full tree excavation. All the sampled tree tissues were analyzed for N, P, K, Ca, Mg, Fe, Mn, Cu and Zn, and the nutrient outputs were calculated from the tissue weight and the corresponding elemental concentrations. As described in the Results, tissues sampled at the different natural and management events had peculiar nutrient compositions. There was little published information until now on the mineral composition of some of them, such as thinned fruits (relatively rich in Ca and Mg), fruit stones, rootstock wood, etc., and data shown here could serve as a basis for further studies. On the other hand, the mineral concentrations of flowers and leaves were within the nutrient ranges reported previously in the area (Heras et al. 1976; Abadía et al. 1985; Carpena and Casero 1987; Montañés et al. 1990 Montañés et al. , 1993 Sanz et al. 1991; Belkhodja et al. 1998; Igartua et al. 2000; El-Jendoubi et al. 2012) . Also, macro-nutrient concentrations in 60 and 120 DAFB peach tree leaves are within the ranges proposed by Sanz et al. (1991) as reference values for the nutritional diagnosis in the 'Calanda' peach cv.
It is remarkable that the breakdown of the nutrient requirements was quite similar in the three peach tree cultivars used, in spite of the large differences in orchard yield and management (Figs. 3 and 4) . Furthermore, each nutrient had a characteristic "fingerprint" breakdown allocation pattern. Among macro-nutrients, the most striking differences were found for the relative contribution of fruits, which was largest for K, followed by P and N. Conversely, the relative contribution of fruits was very small for Mg and especially for Ca. Another major difference was the relative contribution of leaf fall, which was much larger for Mg and Ca than for K, N and P. Regarding micro-nutrients, characteristic fingerprint allocation patterns were also observed, with Mn, and to a lesser extent Fe, being largely lost in leaf fall. In the case of Fe, losses at winter pruning were also large, whereas fruits (including stones) also accounted for a significant part of the losses. Data for Cu are more difficult to interpret due to the presence of Cucontaining agrochemicals, but winter pruning was clearly an event where a major loss for this metal occurs. In any case, this Cu, although clearly of exogenous origin, was indeed incorporated in the plant tissue, since it cannot be removed by washing. Furthermore, we have evidence of a localization of Cu in specific leaf parts, suggesting that the large amount of Cu applied is stored safely in the tissues (data not shown). Therefore, establishing the Cu allocation in the different tissues will be important in future studies on the associated homeostasis mechanisms.
Management events, including winter pruning, fruit thinning and summer pruning, accounted for a large part of the total nutrient allocation: approximately 43-54, 49, 33-40, 40-50, 28-37, 33-44, 23-34, 57-74 and 65-71 % of the total in the cases of N, P, K, Ca, Mg, Fe, Mn, Cu and Zn, respectively. On the other hand, natural events, including flower abscission, fruit harvest, and leaf fall, accounted for 46-57, 51, 60-67, 50-60, 63-72, 56-67, 66-77, 26-43 and 29-35 % of the total in the case of N, P, K, Ca, Mg, Fe, Cu and Zn, respectively. The large amounts of nutrients removed in management events underlines the importance of using plant materials removed during management events for nutrient recycling and soil fertility improvement. For instance, although pruning is a beneficial event for peach tree orchard management, it also leads to major nutrient losses and it could be useful to reassess current pruning strategies under this viewpoint.
Most of the nutrients studied had similar timecourse concentration patterns during the vegetative cycle for the three cultivars studied. The concentrations of N, P and Zn decreased continuously from the values found in 60 DAFB leaves to those of the leaves at fall, whereas those of Mg, Ca, Fe and Mn showed increases in the same period. For K and Cu the pattern was not common in the three cultivars studied. The decreases found in N, P and Zn concentrations can be attributed to their reallocation to the permanent tree structures at the end of the season. Approximately 70, 60 and 30-50 % of the leaf P, K and N content in peach trees has been found to be transported to the permanent structures prior to leaf fall, whereas Ca and Mg were largely lost (Taylor and May 1967; Taylor and van den Ende 1970; Heras et al. 1976; Stassen et al. 1981a, b; Carpena and Casero 1987; Montañés et al. 1990) . Although there has been some controversy on the occurrence of Fe re-translocation at leaf fall, this could depend on the plant species (Rongli et al. 2011) ; Fe retranslocation in autumn was found to occur not only in peach trees (Heras et al. 1976; Carpena and Casero 1987) , but also in oak and beech (Abadía et al. 1996) .
The estimation of the nutrient requirements on a tree basis can be useful for fertilization purposes, including the design of fertilization rates and timing (Tagliavini and Scandellari 2012) . When calculated on a per tree basis, total nutrient requirements are (in g tree −1 , for 'Calanda'/'Catherina'/'Babygold5') 340/ 103/98, 53/10/9, 425/104/89, 518/149/141 and 74/ 21/21 for N, P, K, Ca, and Mg, respectively. From these, recyclable materials could potentially provide a maximum of 271/82/82, 36/7/7, 293/72/60, 503/148/ 58 and 66/19/19 g tree −1 for N, P, K, Ca, and Mg, respectively. Concerning micro-nutrients, requirements are (in g tree −1 , for 'Calanda'/'Catherina'/ 'Babygold5'): 4.1/1.1/0.9, 0.8/0.2/0.2, 0.8/0.2/0.2 and 0.9/0.2/0.2 for Fe, Mn, Cu and Zn, respectively. From these, recyclable materials could potentially provide a maximum of 3.3/1.0/0.8, 0.7/0.2/0.2, 0.7/0.2/ 0.2, 0.8/0.2/0.1 g tree −1 for Fe, Mn, Cu and Zn, respectively. Data found for Fe are in line with previous studies, where it has been assumed that Fe needs for peach tree are in the range 1-2 g tree −1 (Abadía et al. 2004) . Results found here indicate that the Fe requirement can be as high as 2-fold of the amount previously found in trees of good productivity. In the case of soilapplied Fe chelates, a dose of approximately 50 g tree −1 of commercial product, equivalent to 3 g Fe tree −1 is quite common in commercial peach orchards (Abadía et al. 2004 ).
The amounts of nutrients needed for fruit production shown in this study (in kg t −1 of fruits) are larger than those found in previous studies. Total amounts found were (in kg, for 'Calanda'/'Catherina'/ 'Babygold5'): 6.0/8.8/8.1 N, 1.0/0.9/0.7 P, 7.3/8.5/ 7.5 K, 9.5/13.3/12.9 Ca and 1.3/1.7/1.7 Mg (including nutrients stored in permanent tree structures), whereas previous studies indicated that requirements would be 3.8-5.6 N, 0.3-0.4 P, 3.2-4.4 K, 2.0-3.0 Ca and 0.7-0.8 Mg (in kg, for the cv. 'Kakamas'; Stassen et al. 2010) . In these previous studies, different cultivars to those used in the present work were used, and losses associated to thinning, flower abscission and stones in fruits were not taken into account. Also, it is normally accepted that ca. 30 % of the applied N would not be available to the plant roots, due to leaching, volatilization and ineffective fertilizer placement (Stassen et al. 2010 (Stassen et al. 2010 ). As indicated above, recycling materials removed during management events and those lost at leaf fall can contribute to decrease considerably the need for fertilizer inputs to reach these requirements. The high N removal in the orchard (5.9-8.5 kgN t −1 of fruits) is in line with the high N concentrations found in leaves at 60/120 DAFB (4.8/4.0, 4.5/3.5 and 4.5/ 3.4 % in 'Calanda', 'Catherina' and 'Babygold5') ( Tables 1, 2 , and 3). High leaf N values are not uncommon in the area [reported N concentrations at 60/120 DAFB were >5 in Heras et al. 1976; 3.7/3.1 in Carpena and Casero 1987; 3.7/3 .1 in Montañés et al. 1990; 3.8/ 3.3 in Sanz et al. 1991 ; -/3.2-4.9 in Montañés et al. 1993; 4.0-4.4/3.4-3.6 in Belkhodja et al. 1998; 3.1-5.3 (mean of 30 orchards and 5 years: 4.1)/2.8/4.5 (mean of 30 orchards and 5 years: 3.6) in El-Jendoubi et al. 2012] .
The optimal reference values in the area (considering correlation with yield) were 3.8/3.3 N in the case of Calanda (Sanz et al. 1992) . These data suggests that decreasing N fertilization in these orchards may have a positive result in improving fruit storage ability. The high concentrations of Fe in some materials (including wood, Tables 1, 2, and 3) would suggest that Fe immobilization in physiologically inactive forms is relevant in these trees. These high Fe concentrations cannot be due to contamination during wood grinding, since other wood materials (e.g., at winter pruning) showed low Fe concentrations (Tables 1, 2 , and 3). Although trees were not treated with Fe chelates during the experiment, we cannot rule out the possibility that trees were treated with these chemicals in previous years, as it occurs in many orchards in the area.
In summary, the profile of the macro-and microelement requirements in bearing peach trees reported in this study will provide the framework for further research to improve the sustainability of this crop, including the optimization of fertilization rates and fertilization timing.
